There are phenotypic differences between Korean native pig (KNP) and Yorkshire (YS) breeds due to different interests in selection. YS has been selected for industrial interests such as a growth rate and lean meat production, while KNP has been maintained as a regional breed with local interests such as disease resistance and fat content in and between muscle. A comparison of gene expression profiles from liver tissue reflected overall long-term effects of artificial selection for these two pig breeds. Based on minimum positive false discovery rate (less than 10%) and fold change (jFCj > 1:5), 73 differentially expressed genes (DEGs) were identified. Functional analysis of these DEGs indicated clear distinctions in signaling capacity related to epidermal growth factor (EGF), extracellular structure, protein metabolism, and detoxification. Hepatic DEGs demonstrated the importance of hormonal and metabolic capabilities to differences between these two pig breeds.
There are phenotypic differences between Korean native pig (KNP) and Yorkshire (YS) breeds due to different interests in selection. YS has been selected for industrial interests such as a growth rate and lean meat production, while KNP has been maintained as a regional breed with local interests such as disease resistance and fat content in and between muscle. A comparison of gene expression profiles from liver tissue reflected overall long-term effects of artificial selection for these two pig breeds. Based on minimum positive false discovery rate (less than 10%) and fold change (jFCj > 1:5), 73 differentially expressed genes (DEGs) were identified. Functional analysis of these DEGs indicated clear distinctions in signaling capacity related to epidermal growth factor (EGF), extracellular structure, protein metabolism, and detoxification. Hepatic DEGs demonstrated the importance of hormonal and metabolic capabilities to differences between these two pig breeds.
Key words: gene expression profile; Korean native pig; Yorkshire; liver; differentially expressed gene
The liver is the largest organ in a mammalian system. It plays an important role in regulating overall body growth by secreting insulin-like growth factor 1 (IGF1), produced in response to growth hormone secreted from the pituitary gland. It is also the center for energy metabolism of major nutrients, including carbohydrates, lipids, and proteins, 1) and for the elimination of toxic chemicals from the body.
2) The liver also can regenerate after hepatic damage by inducing active cell proliferation. 3, 4) Because of these diverse and active functions, hepatocytes have large number of mitochondria and free ribosomes. 5) Pigs (Sus scrofa) are used as a research model for animal genetics because of their large number of offspring, relatively short generation interval, and costeffective population maintenance and disease control. 6) They are also used as a biomedical research model because of their similarity in organ size, structure, and physiology to humans. 7) There are diverse pig breeds worldwide generated by the demarcation of continents and regions, including Korean pigs (KNPs from Jeju island and Seonghwan, on the mainland), Chinese pigs (for example Min pig, Xiang pig, and Wuzhishan pig) and European pigs (for example Berkshire, Duroc, Landrace, and YS). These pig breeds have diverse genetic features and phenotypic traits that provide rich resources for animal genetics.
DNA microarrays are used as a tool in genetic research for gene expression and genetic variation. The porcine genome sequence consortium has completely sequenced the whole genome, and the first draft is about to be released. Currently (August 2010), the NCBI map viewer provides ordered sequence information for nine of 18 autosomes, including 1, 4, 5, 7, 11, 13, 14, 15, and 17, and the X chromosome. The release of the porcine genome sequence should accelerate new genetic discoveries and the usability of single nucleotide polymorphisms (SNPs). In particular, for aspects of functional genomics, the transcriptome database should be important and useful in annotating the pig genome. 8) We have demonstrated the usefulness of transcriptome data by searching for DEGs that characterize the differences among pig breeds in adipose tissue and skeletal muscle. 9, 10) Functional analysis of DEGs in fat tissue from KNP and YS suggested that there was a difference in xenobiotic metabolism. 10) DEGs in this functional category were significantly down-regulated in KNP, and suggests that the difference plays an important role in overall meat flavor. In addition, we found a significantly higher content of arachidonic acid and a lower expression level for cytochrome P450 genes in the adipose tissue of KNP as compared to YS. 11) In the skeletal muscle, substantial numbers of DEGs were related to proliferation and differentiation. We did not find any clear direction of changes in these functions, but most proliferation-related DEGs were directly or indirectly associated with p53. 9) To add to these results, we investigated DEGs in the liver tissue. The overall gene expression profiles from KNP and YS showed a clear difference between the two breeds.
Materials and Methods
Animals and the collection of animal tissues. The KNP and YS boars used in this experiment were raised under identical conditions of feeding and management in the National Livestock Research Institute, Jeju island, South Korea. When the animals reached market weight (89-100 kg for 7 month-old KNPs and 100-110 kg for 6 month-old YS pigs), eight pigs (four of each breed) were slaughtered on the same day. To minimize unnecessary variation, we stopped feeding for 24 h before slaughter and transported them using the same vehicle. In addition, the liver tissue was taken from the end of the middle lobe of all eight pigs. Tissue samples were immediately frozen in liquid nitrogen and stored at À80
C until preparation of total RNA. All the animals were fed identically depending on their developmental status. All the diets were purchased from the Nonghyup Feed Inc. (Seoul, Korea). We fed newly born piglets TrueMilk (brand name) for 3 weeks. Then we changed the diet to TrueMill #1 and TrueMill #2 in sequence for 4 weeks. After that, we fed the pigs with MyungPum Plus Jutdon for 1.5 months, then changed to MyungPum Plus Yukseongdon until slaughter. TrueMill #1, #2, and MyungPum Plus Jutdon contained antibiotic mixtures for pathogens. However, the final diet, MyungPum Plus Yukseongdon did not contain any antibiotics. The company-made diets were based on the National Research Council (NRC) standard of the United States.
Ribonucleic acid extraction, target preparation, and DNA microarray hybridization. Total RNA was extracted from 1 mg of liver tissue using 2-3 mL of TRIzol Ò Reagent (Invitrogen, USA) by homogenization with a Power Gen 125 S1 (Fisher Scientific, USA). RNA purity was measured about 1.5 as an A 260 /A 280 ratio by UV spectrophotometer (Eppendorff, Germany). The integrity of the total RNA was checked by electrophoresis on a 1% agarose gel containing formaldehyde. Ten mg of total RNA after DNase I (Invitrogen, USA) treatment was converted into double-stranded cDNAs using a GeneChip Ò Expression 3 0 -Amplification One Cycle cDNA Synthesis Kit (Affymetrix, USA), and cDNA was purified with the GeneChip Ò Sample Cleanup Module (Affymetrix, USA). Biotin-labeled antisense cRNA was synthesized from the purified cDNA through in vitro transcription (IVT) using GeneChip Ò Expression 3 0 -Amplification Reagents for IVT Labeling Kit (Affymetrix, USA). It was further purified and fragmented using the reagents in the GeneChip Ò Sample Cleanup Module, and the fragmented cRNA was hybridized onto the GeneChip Ò Porcine Genome Array (Affymetrix, USA) for 16 h. To remove extra cRNA fragments and prevent non-specific hybridization, non-stringent and stringent washing steps were done using GeneChip Ò Fluidics Station 450 (Affymetrix, USA). Finally, the gene chip was stained with streptavidin-phycoerythrin (Invitrogen, USA).
Microarray scanning and image analysis. Microarray images were obtained with the GeneChip Ò Scanner 3000 (Affymetrix, USA) and were analyzed with GeneChip Ò Operating Software 1.3 (Affymetrix, USA). Transcripts were detected by probe sets composed of 11 probe pairs, and each probe pair consisted of a perfect match (PM) and a mismatch (MM) probe. The PM probe detects the matched RNA fragment from the target mRNA, whereas the MM probe estimates non-specific signals, because the MM probe has a mismatch nucleotide at the middle position of the sequence of the PM probe. Both the PM and MM signals were used to compute a discrimination score ([PMÀMM]/[PMþMM]) to determine whether the transcript was detected by the probe set as present (P) or absent (A). The weighted mean value using the signals of the probe pairs in a probe set was determined by Tukey's one-step bi-weight method. The total signal of the probe sets in each array was normalized by global scaling. To compare the difference in a transcript between two arrays, the GCOS matches each probe pair and calculates 11 ratios in log 2 scale. Again, the weighted mean difference value was determined from these 11 ratios by Tukey's one-step bi-weight method. To implement this algorithm to compute the fold difference (KNP/YS ratio) between breeds, 16 pairs-wise comparisons were conducted between four KNP and YS microarray images. The data discussed here have been deposited in the NCBI Gene Expression Omnibus (GEO, http: //www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession no. GSE21408.
Statistical analysis and identification of DEGs. To obtain statistically significant DEGs between the two breeds, the signals were transformed into a log 2 scale to stabilize data variation. To reduce array variation further, the signals were processed by quantile normalization.
12) The signals between the two groups were compared by t-test, and the p values were corrected by the minimum positive false discovery rate (minimum pFDR ¼ q value).
13) All statistical analyses were done using the Partek Genomics Suite (Partek, USA). When the transcripts were tested to within less than 10% of the q value error rate and more than 1.5 fold of the difference, they were defined as DEGs. In the gene annotation and functional studies, we used the information from Affymetrix Porcine Annotation Revision 5 (http: //www4.ncsu.edu/~stsai2/annotation/) 14) for the gene names, and used GeneCards and PubMed to search for the functions of the genes.
Quantitative real-time polymerase chain reaction (qPCR). To estimate the real differences in DEGs from the microarrays, we independently performed real time PCR with a rotary-type real-time analyzer, Rotor-Gene 6000 (Corbett Research, Australia). The genes we tested included all 15 DEGs in a structural category with a reference gene. All primer sets were designed using sequence information from the NetAffx Analysis Center (http://www.affymetrix. com/analysis/index.affx) using the Primerquest program (http://www. idtdna.com/Scitools/Applications/Primerquest/). Briefly, to obtain the cDNA for qPCR, 25 mg of total RNA was reverse-transcribed. For cDNA synthesis, total RNA was mixed with 12.5 mg anchored Oligo(dT) 20 primer (Invitrogen, USA) and 5 mL of 10 mM dNTP mix (Invitrogen, USA), then incubated at 65 C for 5 min. After the reaction, the tubes were placed on ice. While still on ice, 20 mL of 5X First-Strand Buffer (Invitrogen, USA) and 10 mL of 0.1 M DTT (Invitrogen, USA) were added, and the reaction was incubated at 42 C for 2 min. Inside the PCR machine, 1,000 units of SuperScript Ò II Reverse Transcriptase (Invitrogen, USA) was added, and the mixture was further incubated at 42 C for 50 min. Then the reaction was inactivated at 70 C for 15 min. Using this cDNA solution, qPCR was done in a PCR tube at 25 mL total volume containing 5 mM forward and reverse primers, and 12.5 mL of 2X SensiMixPlus SYBR (2X mix containing reaction buffer, heat-activated DNA polymerase, dNTPs, 6 mM MgCI 2 , internal reference dye, stabilizers, and SYBR Ò Green I) following the manufacturer's protocol (Quantace, UK). The qPCR cycle was set at an initial activation step of 95 C for 10 min, a denaturation step at 95 C for 15 s, an annealing step at the average of melting temperatures of the primers for 30 s, and an extension step at 72 C for 30 s (66 base pairs/s). After 36 cycles, a final extension was done at 72 C for 1 min. All qPCR reactions for each gene were technically replicated 3 times. Final PCR products were confirmed to show only one PCR product by 2% agarose gel electrophoresis with ethidium bromide staining.
Results

Breed-specific clustering of hepatic transcriptomes and selection of hepatic DEGs
Hepatic transcriptomes were obtained from livers of KNP and YS Breeds. Hierarchical clustering analysis using entire array signals showed a clear distinction between breeds in the liver (Fig. 1) . To study major effects of the difference in gene expression between the breeds, we selected hepatic DEGs by q value (less than 10% of minimum positive false discovery rate), fold difference (more than 1.5), and detection call (P at all samples in a group). After these rigorous selection methods, 73 hepatic DEGs were collected for further functional analysis (Supplemental Table 1 , see Biosci. Biotechnol. Biochem. Web site).
Analysis of hepatic DEGs: overview
To characterize the major functional categories of the 73 hepatic DEGs, we calculated the enrichment score and the false discovery rate (FDR) of the gene ontology (GO) terms using the GoMiner program. 15) In this analysis, we did not find any significant terms in the biological process or the molecular function, but in the cellular component, there were nine significant terms (FDR < 5%) ( Table 1 ). The selected terms showed the importance of the coated-pit structure. We also constructed a possible protein network map based on functional and physical interactions of hepatic DEGs using the STRING 8.3 program. 16) In this map, we found three major linked groups, including growth hormone/ receptor signaling, proteins involved in or regulated by ubiquitination, and extracellular matrix (ECM) components (Fig. 2) .
Up regulation of genes involved in EGF signaling and other hormonal activities in KNP Hepatocytes secret growth hormones and contain receptors for growth hormones secreted from other endocrine tissues. The DEGs contained several genes related to hormonal activity (Table 2 ). These DEGs were up regulated except for one. We found that six genes were related to EGF internalization and signaling. They included EGF receptor (EGFR), SHC (Src homology 2 domain containing) transforming protein 1 (SHC1), Erbb2 interacting protein (ERBB2IP), RAB4B, member RAS oncogene family (RAB4B), Breast cancer anti-estrogen resistance 3 (BCAR3), and Adaptorrelated protein complex 2, alpha 2 subunit (AP2A2).
The differences in this EGF hormonal signaling might be a major factor responsible for the different characters of KNP and YS.
In addition, we found up regulation of a growth factor that is primarily produced by the liver, Insulin-like growth factor 2 (IGF2) in KNP. 17) In addition, there were two up regulated genes related to hormone transport. One was Solute carrier family 16, member 10 (SLC16A10), which encodes a transporter of thyroid hormone that eventually stimulates production of bile acid.
18) The other was Receptor (G protein-coupled) activity modifying protein 2 (RAMP2), encoding a protein that transports calcitonin-receptor-like receptor (CRLR) to plasma membrane. RAMP2, associated with CRLR, becomes a functional adrenomedullin (AM) receptor, and AM expands blood vessels, reduces oxidative stress, and inhibits apoptosis. 19) Concerted down regulation of genes for ECM and cell adhesion molecules in KNP
We also observed concerted down regulation of the DEGs related to ECM and cell adhesion ( Table 3 ). The ECM genes encode collagen and enzymes for the synthesis of ECM components. In addition, there was a DEG responsible for overall ECM production, Retinol dehydrogenase 16 (RDH16). This gene encodes an enzyme involved in the rate-limiting step of retinoic acid synthesis from retinol. 20) Retinol is known to induce ECM synthesis in endothelial cells, 20) and a reduction in retinol due to up regulation of RDH16 in KNP might further decrease the production of ECM components. Cell adhesion-related DEGs included Claudin 16 (CLDN16), encoding a tight junction component, and Selectin P (SELP), encoding a protein that binds to heparin. These genes were all down regulated in KNP.
DEGs responsible for various pathways in protein metabolism and detoxification
We found that several DEGs directly or indirectly work on the mRNA molecules for protein synthesis (Table 4) . Indirectly related DEGs, up regulated in KNP, included Nucleoporin 88 kDa (NUP88), encoding a nuclear pore component for RNA transport, and Polymerase (RNA) I polypeptide D, 16 kDa (POLR1D), encoding an enzyme for rRNA production. DEGs directly involved in translation, which encode ribosomal proteins, were down regulated in KNP. We also found several genes responsible for protein degradation, which were up regulated in KNP (Table 4) . Among these, three DEGs, Ubiquitin-conjugating enzyme E2R2 (UBE2R2), Ubiquitin-conjugating enzyme E2M (UBC12 homolog, yeast) (UBE2M), and F-box protein 31 (FBXO31) were involved in ubiquitin-dependent proteolysis. There were four genes encoding enzymes for detoxification. All of these genes were up regulated in KNP (Table 4) .
Validation of DEGs by qPCR
To validate independently the microarray results, we performed qPCR analysis for some DEGs (Table 5 ). The 40 S ribosomal protein S3 (RPS3) gene was included as a reference. The individual p values for the qPCR results indicated significant differences between the two breeds. The qPCR results showed a strong positive correlation with the array results in trend (Fig. 3) .
Discussion
The Western pig industry was developed through artificial selection among native pig breeds for fast growth and lean meat production. Especially in Asian countries, the industry has focused not only on fast growth, but also on fat accumulation in meat, due to different taste preferences. Therefore, comparing Western pig breeds with Asian innate breeds is good way to understand the mechanisms underlying lean meat production and fat accumulation. The YS breed was selected to have genetic characteristics for fast growth and lean meat, while the KNP breed, isolated on Jeju Island, has been artificially selected to maintain proper fat content in lieu of growth rate. Therefore, the DEGs should provide information about these artificially fixed genetic characteristics. Pearson correlation analysis of fold changes between the two methods showed a strong correlation (r = Pearson correlation coefficient). Twenty-three genes on qPCR analysis showed significant changes between two breeds (p value, Ã < 0:05 and ÃÃ < 0:01). The RPS3 gene was used as a reference, because it is consistently expressed in both breeds.
The hepatic transcriptional differences between these two breeds showed differences in hormonal and metabolic capabilities. For example, EGF-related DEGs suggest that available EGF is more efficiently signaltransferred and internalized in KNP than in YS. Furthermore, the efficiency of signaling might be affected by changes in extracellular matrix and degree of cell adhesion among hepatocytes, though it is difficult to judge whether the loosening of these connections accelerates or impedes signaling. Also, the balance between IGF1 and IGF2 produced by the liver can systematically influence the overall rate and quality of body growth between the breeds. Additional evidence of effects can be found in transcriptional differences in the genes involved in protein synthesis. Protein synthesis can be evaluated by both efficiency and capacity. Acute alteration of protein synthesis is determined by translation initiation factors, which increase the efficiency of protein synthesis. 21) In contrast, long-term alteration of total protein is determined by the number of ribosomes, which increases capacity for protein synthesis. Based on the hepatic DEGs in the protein synthesis category, YS have a greater capacity for protein synthesis based on transcriptional up regulation of the genes encoding for ribosome components as compared to KNP. The difference in gene expression related to detoxification indicates how these pig breeds have been selected in different locations for different purposes.
Altogether, global gene expression analysis in three tissues, fat, skeletal muscle, and liver, was useful for understanding how economically valuable characters can be maintained in different regions (Fig. 4) . Over time, differences in gene expression in different tissues might be a reason for differences of important economic traits, such as lean muscle production and boar taint in these two breeds. Conventionally, markers for traits were found after a massive breeding experiment. Recent development of porcine microarray makes it possible to screen for these markers directly, and provides immediate chances to understand possible molecular mechanisms after functional studies of those markers. Because the pig has several interesting properties related to growth and metabolism, the development of pig-related resources, including specific antibodies for porcine proteins, should promote pig as a powerful model in molecular biology.
